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INTRODUCTION
Conserving biodiversity requires monitoring of species, habitats, and human dimensions of social-ecological systems (Danielsen et al. 2009 ). Monitoring is important because it enables detection of unexpected change, can raise awareness among citizens and policy makers, and allows management interventions to be developed and evaluated (Wintle et al. 2010 , Jones et al. 2013 ).
Global-scale analyses can provide useful insights into patterns of biodiversity loss (Collen et al. 2009 ) but they cannot elucidate local to regional scale heterogeneity of threats or the effectiveness of conservation interventions. Effectiveness is unknown without robust and repeatable monitoring systems in place, with sufficient rigor, spatial replication, and long-term sustainability (Jenkins et al. 2003, Lindenmayer and Likens 2009 ). However, financial and human resources are generally limited, particularly in developing countries (Waldron et al. 2013) , and the cost-effectiveness of biodiversity surveys varies widely by taxa (Gardner et al. 2008) . Although remote sensing can detect tropical forest loss and some forms of degradation, it overlooks cryptic threats such as overhunting (Peres et al. 2006) . Tropical forest vertebrates are declining faster than forest coverage (Jenkins et al. 2003) , therefore quantifying deforestation alone would underestimate faunal depletion. Because of their key ecological roles (Stoner et al. 2007 ) and nutritional importance (Milner-Gulland et al. 2003) , considerable in situ effort has been dedicated to monitoring tropical forest vertebrates.
Monitoring the distribution and abundance of biodiversity at landscape scales is difficult and expensive (Jones 2011) , which constrains spatial and temporal replication (Danielsen et al. 2005) . Line-transect censuses are often used to survey tropical forest wildlife (e.g., Peres and Palacios 2007) but they require intensive sampling effort (de Thoisy et al. 2008) , and are often restricted to only a few sites (Ceballos and Ehrlich 2002) . Low detection rates tend to derive abundance estimates with high levels of uncertainty for the rarer species of greater conservation concern (Peres 2000, Munari et al. 2011) , limiting their potential for detecting changes in abundance (Plumptre 2000) . In contrast, locally based approaches can provide cost-effective monitoring of species distribution and abundance over large scales (Silvertown 2009 ) and can offer long-term sustainability by empowering local stakeholders to better manage their own natural resources (Danielsen et al. 2009 , Luzar et al. 2011 .
The relative abundance (or presence-absence) of forest species can be inferred from monitoring hunters' catch per unit effort (CPUE), allowing spatial and temporal comparisons (Puertas and Bodmer 2004, Sirén et al. 2004) . This is arguably an effective method because the observer performance and overall survey effort of adept central-place hunters often exceed those of conventional biodiversity surveys. However, CPUE estimates can be biased by hunting technology, habitat type, and the preyselectivity of hunters (Rist et al. 2008 , Levi et al. 2009 , Parry et al. 2009 ). Furthermore, game harvest studies may require at least 12 months of intensive monitoring of hunter effort and offtake. Consequently, CPUE estimates are often available from only a single community (e.g., Sirén et al. 2004) , limiting the potential to make reliable predictions about the status of exploited populations across broader geographic scales. Developing methods that can be replicated around many communities is therefore vital for effective conservation strategies because multiple human and biophysical drivers affect wildlife populations (Meijaard et al. 2011 ).
New techniques have emerged that utilize local or traditional ecological knowledge (hereafter, LEK) to monitor species distributions and population trends over time (Ferguson et al. 1998 , Anadón et al. 2009 , Turvey et al. 2014 . Empirical observations and ecological knowledge of local experts can provide cost-effective and robust understanding of natural systems that is equal to or exceeds that of current scientific knowledge (Gagnon and Berteaux 2009 , Meijaard et al. 2011 , Beaudreau and Levin 2014 . Integrating LEK into monitoring and management (Moller et al. 2004 ) is also appealing because it can enhance community participation (Ban et al. 2009 ) and provide novel insights into sustainable resource use (Berkes and Folke 1998) . We have developed a technique to monitor the depletion of hunted forest wildlife over vast tracts of forest across the Brazilian Amazon, based on rapid interviews with rural hunters to determine occupancy zones. We evaluated the extent to which species depletion around the 161 settlements we visited is determined by human population and landscape characteristics and explore whether these local trends hold at the landscape scale. Finally, we estimated the depletion of our study species for the entire state of Amazonas, an important first step in developing tools for monitoring hunted species over vast tropical forest areas with limited human and financial resources (Waldron et al. 2013 , Parry et al. 2014 . Amazonas is the largest state, 1.57 million km², in Brazil and has 97.6 % of its original forest cover still intact (Instituto Nacional de Pesquisas Espaciais 2013).
METHODS

Field surveys
We assessed the impacts of hunting along seven major tributaries and subtributaries of the Amazon (= Solimões) river within the state of Amazonas (Fig. 1A) , selected at varying distances from Manaus, the state capital. As preselection criteria, these rivers were distant from one another, had an urban center near to the confluence with the larger river, were not be bisected by roads, and avoided indigenous territories or protected areas. For surveys, which were 10-21 days each from February to November 2007, we used a boat and locally assembled crew to travel along the main fluvial axis defined as the entire riparian zone of human occupation from the local urban center to the last active household on any given river (≤ 749 km travel distance). Our crew members were familiar with the local populace and had many years, often lifelong, experience along a given river, which facilitated the identification of discrete settlements and aided in reliable communication with river dwellers. We mapped all settlements, including isolated households (total = 383) heading upriver, using a GPS. Travelling downriver, we conducted detailed interviews at 161 of these settlements (range = 1-281 households, mean = 8.3, median = 3), selected by random stratified sampling.
Assessing depletion using local ecological knowledge
We sought to evaluate the depletion of hunted forest wildlife using the lifelong field experience and recent observations of rural hunters (sensu Turvey et al. 2014) . By asking Amazonian hunters to identify the nearest location in which they had directly or indirectly encountered a particular species, we were drawing on their LEK, defined as the knowledge and insights acquired through extensive observation of an area or species (Huntington 2000) . Consequently, our approach can be distinguished from studies of traditional ecological knowledge (TEK), which examine the body of knowledge, practice, or belief evolving by adaptive processes and handed down through generations by cultural transmission (Berkes et al. 2000) , e.g., social taboos (Colding and Folke 2001) . We focused on a specific dimension of LEK, i.e., a hunter's ability to identify species presence in their local area using direct sightings or indirect signs. Other forms of LEK have also been used to monitor wildlife populations, including hunter assessments of targeted populations, e.g., demography, body condition, and catch-per-unit effort (Bodmer and Robinson 2004 , Moller et al. 2004 , Rist et al. 2008 . Standardized questions on faunal presence/absence targeted all available hunters in a settlement (range = 1-5 hunters interviewed) and other community members with many years of local knowledge of wildlife and hunting. We used these questions to assess the local depletion of ten Amazonian game vertebrate species or congeners, including four primates, four ungulates, one game bird, and one testudine reptile (Appendix 1, Table A1 ), which vary in their known preference to hunters (Jerozolimski and Peres 2003) and tolerance of human exploitation (Peres 2000) . We sought to establish the minimum depletion zone (Flesher and Ley 1996) around each settlement for each of the game species that were familiar to hunters and other knowledgeable community members. Informants were asked to identify the nearest place where a species had been seen, heard (place of origin of the sound), or otherwise detected indirectly using tracks or feces during the last 12 months. This method was used to determine the area in which a given species was absent. Hunters generally identified a locally known forest area, such as a secondgrowth patch or Brazil-nut tree (Bertholletia excelsa) cluster where they had detected a given species. We established the quickest method of getting there, i.e., on foot, by motorized or unmotorized canoe, and ascertained the minimum travel time when the hunter was travelling directly and unencumbered. We then calculated an approximate distance from the settlement using mean travel speeds recorded with a GPS over several years at Table 1 . Results of hierarchical partitioning, an analytical procedure that was used to separate the independent explanatory effects of human settlement and landscape predictors on the depletion (estimated by nearest encounter distance) of 10 Amazonian largevertebrates. Model fit is approximated using generalized additive models (GAM) measures and significant effects (* = p < 0.05) identified using randomizations. Species codes refer to (in order): multiple Amazonian sites (walking: 4 km h -1 , unmotorized canoe: 5 km h -1 , motorized canoe: 9 km h -1 ).
Field data reliability
Identifying local experts can be problematic when recording LEK (Davis and Wagner 2003) . However, hunting is practiced by most able-bodied men in rural Amazonia, and thus locating knowledgeable informants was straightforward (Luzar et al. 2011 ). However, the motives of interviewees can bias responses, especially when there are perceived conflicts of interest with the interviewer (Danielsen et al. 2005, Grant and Berkes 2007) . We therefore used several approaches to identify and minimize bias in the data we recorded from hunters. First, we had a general discussion about our research objectives with hunters and community members prior to interviews (conducted by LP). Parry identified himself as a researcher independent of any governmental organization, such as the Brazilian Institute for the Environment and Renewable Natural Resources (IBAMA), which is responsible for enforcing environmental laws, although subsistence hunting is not illegal in Brazil. We then used triangulation techniques to verify data quality and respondent reliability (Jick 1979) . For example, recall of recent offtake (kills) was used to provide internal validation of depletion distances and vice versa (Parry 2009 ). For instance, we would expect hunters to occasionally kill large mammal species if present nearby. We cross-validated responses (Meijaard et al. 2011 ), including familiarity with species and hunting activity, by later asking our boat crews, all of whom had experience of forest extraction and were often present during interviews, and inhabitants of neighboring settlements about the hunting patterns of a given settlement. On no occasion did we perceive, nor boat crews or residents report, any suspicion over the reliability of the depletion distances reported. On the rare occasions that hunters from the same settlement disagreed over minimal depletion distances, we used the estimate of the hunter judged to be most reliable, which was generally the individual who spent more time hunting.
Predictor variables
We tested the explanatory and predictive power of human settlement variables and landscape variables (Table 1) on the depletion distances of the study species (see Appendix 1). Human settlement variables included human population density (HPD; people per km² within five km radius), settlement size (households), settlement growth (Δ households 1991-2007) , and settlement age (years since establishment). Landscape variables included distance (km) to the nearest primary forest, upland terra firme coverage (TF; % within five km radius), fluvial travel distance (km) to the nearest urban center (DIS), and river identity. We also included population census sectors as a larger-scale unit of analysis. Municipalities are the local units of government in Brazil, each with an administrative urban center and surrounding rural area, and are subdivided into these sectors for the purposes of the national census. We measured three characteristics of each sector: HPD derived from the 2007 national census (IBGE 2007), DIS (Parry et al. 2010) , and TF coverage .
Data analysis
We first assessed the independent effects of the eight candidate explanatory variables on local faunal depletion. Traditional model selection techniques are ill suited to high levels of multicollinearity among explanatory variables (Graham 2003) , so we used an approach called hierarchical partitioning (see Appendix 1). We aimed to develop predictive models of the proportion of census sectors depleted of each game species across Amazonas. We sought to verify relationships between three predictors (HPD, TF, DIS) and faunal depletion for the 41 sectors for which we had interview data from visited settlements, and spatial locations and population size from all unvisited settlements. These sectors captured high levels of variation in HPD (0.002 > 10.6 people km²), TF (0.0 > 0.99) and DIS (16 > 749 km).
To estimate depletion within sectors, we needed to predict the size of depletion zones around unvisited but mapped settlements (n http://www.ecologyandsociety.org/vol20/iss3/art15/ = 222). We first developed minimal generalized linear models (GLMs) of depletion distances around visited settlements, using the four variables for which we had measures for both visited and unvisited settlements (HPD, number of households, TF, DIS). Using ArcGIS 10.1 (ESRI 2012), we combined predicted depletion zones around nonvisited settlements with reported depletion zones around visited settlements ( Fig. 1B, C) to estimate sector-level depletion (proportion, see Appendix 1). Finally, to predict faunal depletion in census sectors elsewhere in Amazonas, we exported our GIS-derived sector depletion estimates and fitted minimal GLMs to predict census sector depletion using the three variables for which we have measures for all sectors (n = 1752 rural census sectors; variables: HPD, TF, DIS). We exported our predictions to a GIS and removed depletion estimates from census sectors outside of the known geographic range polygons of each of our study species, based on spatial information from http:// www.natureserve.org/infonatura/ (mammals) and http://www. iucnredlist.org/ (birds). All statistical analyses were implemented using the statistical platform R 3.1.0 (Gentleman and Ihaka 2014) .
RESULTS
Local depletion
Overall, the greatest depletion distances were for, in descending order, forest tortoise (Chelonoidis spp.), spider monkeys (Ateles belzebuth and A. chamek), woolly monkeys (Lagothrix cana, L. poeppigii, and L. lagothricha), tapir (Tapirus terrestris), and both species of peccaries (Pecari tajacu and Tayassu pecari; Fig. 2A ). The smallest depletion distances were for the two medium-sized primates, i.e., saki monkeys (Pithecia irrorata and P. albicans) and capuchin monkey (Cebus apella), curassows (Mitu tuberosum, M. tomentosum, Crax globulosa, and C. alector), and red brocket deer (Mazama americana). 
Explaining depletion around settlements
Our eight candidate human-settlement and landscape variables explained a large proportion of the variation in depletion distances of large-bodied forest-vertebrate species, with model fits of R² ≥ 0.51 for eight species (lower R² values for red brocket deer and saki monkeys; Table 1 ). The number of significant predictors per species (p < 0.05, following randomization of hierarchical partitioning results) ranged from five (woolly monkeys, white-lipped peccary, and curassow) to one (spider monkeys). Four predictors (HPD, DIS, TF, and river identity) were the most important because they each explained significant variation in depletion for six species. For these species, the mean percentage of independent effects explained by these variables was: 24% (HPD), 13% (DIS), 9% (TF), and 43% river identity. Human population density was a significant depletion driver for the four ungulates, capuchin monkey, and woolly monkeys. Tapir, white-lipped peccary, three primates, (woolly monkeys, capuchin monkey, and saki monkeys) and curassows were significantly less depleted around settlements farther from urban centers. The four ungulates plus woolly monkeys and tortoise were significantly less depleted in areas containing more TF. Woolly monkeys, whitelipped peccary, and curassows were significantly more depleted around larger settlements, whereas tapir were more heavily depleted around older settlements.
River identity was a significant determinant of depletion for six species, largely reflecting the whole or near absence of many species on the Rio Aracá, a tributary of the Rio Negro. Whitelipped peccary and curassow were significantly more depleted around rapidly growing settlements (mean effects = 29% for these species). When settlements were farther from primary forest, curassow could only be encountered significantly farther away, whereas capuchin monkey were encountered significantly closer to settlements (mean effects = 17%). Tapir were significantly more depleted around older settlements (6% of effects). In summary, by separating the independent effects of collinear landscape and settlement variables, we show that HPD is a major driver of faunal depletion around rural settlements and that many species are significantly less depleted in areas that are unflooded and farther from urban centers.
Predicting depletion around settlements
Predictive (minimal GLM) models of settlement-level depletion distances were restricted to only four variables to estimate depletion around unvisited settlements along the rivers we surveyed (Appendix 1, Table A3 ). These variables explained a reasonably high amount of the variance in detection distances for the four ungulates (tapir: R² = 0.68; red brocket deer: R² = 0.67; white-lipped peccary: R² = 0.50; collared peccary: R² = 0.43), and woolly monkeys (R² = 0.44). Model fits were lower for capuchin monkeys (R² = 0.31) and curassow (R² = 0.30) and very low for saki monkeys, tortoises, and spider monkeys.
Nine species were significantly less depleted around more remote settlements, with stronger effects (coefficients) for the four ungulates ( Fig. 3A) . For example, at 50 km of travel distance from the nearest urban center, we predicted that tapir would only be encountered 8.6 km from a settlement ( Fig. 4A ). Depletion distance declines to 4.9 km at 100 km from town and just 0.5 km around settlements 300 km from town. Nine species were significantly more depleted in more populous areas. Although both settlement size ( Fig. 3C ) and HPD (Fig. 3D ) were significant depletion drivers for white-lipped peccary and woolly monkeys, the depletion of other species was determined either by settlement size (strongest effect for tortoise and woolly monkeys) or HPD (strongest for white-lipped peccary). Predictions for woolly monkeys show that the depletion distance around a settlement comprised of 20 households (9.7 km) is more than twice that of a settlement of only 5 households (4.2 km; Fig. 4E ). Terra firme coverage had a negative effect on the depletion of the four ungulates ( Fig. 3B ). In seasonally flooded (várzea) dominated areas (e.g., only 25% TF), we predicted that whitelipped peccary would only be encountered 6.4 km from a settlement, compared to 1.2 km from settlements in areas dominated (75%) by TF ( Fig. 4D ). Overall, predictive models showed that nine species were significantly less depleted around settlements far from urban centers and more depleted in areas with more human inhabitants. The four ungulate species were more depleted in areas dominated by seasonally flooded forest. Depletion estimates from interviews and predicted depletion around unvisited settlements show marked differences in the size of depletion zones between species that are more sensitive (e.g., woolly monkeys; Fig. 1B ) and less sensitive (e.g., collared peccary (Pecari tajacu; Fig. 1C ) to hunting pressure.
Predicting census sector depletion
Minimal GLMs provided robust predictions of faunal depletion within the 41 visited census sectors for all species R dev 2 ≥ 0.58 (mean R dev 2 = 0.76) using three predictors: HPD, DIS, and TF (Appendix 1, Table A4 , Fig. A1 ). Tapir and woolly monkeys were significantly less depleted in census sectors farther from urban centers. Tapir depletion, for example, remains high at 50 km, and even 100 km, from urban centers (predict 72% and 56% sector depletion, respectively), yet falls to just 7% areal depletion in sectors 300 km from urban centers (Fig. 5A) . Negative interactions for four species show they are significantly less depleted in remote sectors, but this relationship only holds when TF coverage is high. Table A3 . Table A4 .
Ecology and Society 20(3): 15 http://www.ecologyandsociety.org/vol20/iss3/art15/ Fig. 6 . Predicted depletion levels of large-bodied vertebrates within census sectors in Amazonas State, Brazil, based on speciesspecific predictive models that used human population density, coverage of terra firme upland, and travel distance to the nearest urban center. Species shown are: (A) white-lipped peccary, Tayassu pecari, (B) woolly monkeys, Lagothrix spp., (C) tapir, Tapirus terrestris, and (D) red brocket deer, Mazama americana. Predictive maps for the other six study species are shown in Appendix 1, Fig. A4 .
Tapir, white-lipped peccary, spider monkeys, and tortoise were significantly more depleted in sectors with higher HPD and, along with woolly monkeys and saki monkeys, significantly less depleted in areas with high TF. White-lipped peccary, with the strongest HPD effect, is predicted to be depleted from only 10% of the area within sparsely settled census sectors (0.1 people km²), rising to 29% at 1 person km -2 , and 89% depletion at 3 people km -2 (Fig.  5C ). Species had varying levels of dependence on TF: woolly and spider monkeys had the strongest effects and saki monkeys the weakest. Woolly monkeys would be depleted from 94% of a 50:50 TF: várzea landscape, falling to 10% depletion in a sector with 90% TF (Fig. 5F ). Overall, depletion was lowest in TF-dominated sectors that were either far from urban centers or sparsely settled.
We used predictive models of faunal depletion in census sectors to estimate large-scale patterns of depletion (Fig. 2B) . The greatest depletion within Amazonas state is estimated for tortoises, at 39% of their range within the state. However, considering only the five species with reasonably good model fits (R² ≥ 0.43) for settlement-scale predictions, total depletion is estimated to be 17% for woolly monkeys and white-lipped peccary, followed by tapir (13%), collared peccary (11%), and red brocket deer (7%). Heavily depleted census sectors are spatially clustered (Fig. 6 ). White-lipped peccary, for example, is predicted to be largely absent from a strip approximately 100 km wide covering both sides of the main Rio Solimões-Amazonas, stretching from west to east (Fig. 6A ), because of dense human habitation and limited upland areas of TF forest (Appendix 1, Fig. A1 ). Woolly monkeys are predicted to be heavily depleted along the main channel, large sections of major tributaries (Rio Juruá, Rio Purús, Rio Madeira), and within 100 km of urban centers (Fig. 6B ). However, within Amazonas state there are also vast areas in which faunal depletion is probably very low. For example, although total woolly monkey depletion is estimated at 203,048 km², this is mostly caused by partial depletion of census sectors (Fig. 6B,  Appendix 1, Fig. A3 ). Sectors depleted by ≥ 90% covered only 42,255 km² (4% of their range), whereas sectors with < 10% depletion covered 769,240 km (64% of range). Lightly depleted areas are mainly restricted to the interfluvial zones between the main second-order tributaries (Fig. 6A-D) , which are far from urban centers, sparsely inhabited, and dominated by large areas of TF forest.
DISCUSSION
Our results demonstrate that local ecological knowledge (LEK) can be combined with quantitative data on human population density, distance from cities, and land form to accurately predict the local depletion of Amazonian forest wildlife. Adept rural hunters could clearly identify the nearest point around their Ecology and Society 20(3): 15 http://www.ecologyandsociety.org/vol20/iss3/art15/ settlement at which 10 species of large-bodied vertebrates were recently detected (Flesher and Ley 1996) , if locally extant. We also achieved robust estimates of faunal depletion at both the landscape and regional scale, which is vital for evaluating progress against conservation targets yet often infeasible using conventional ecological techniques (Jones 2011) . Consequently, our findings confirm that using LEK-based interviews can be effective and efficient for monitoring vulnerable tropical-forest species over large spatial scales (Meijaard et al. 2011 , Turvey et al. 2014 , Abram et al. 2015 . To our knowledge, this is the first study using LEK to make quantitative predictions for the depletion levels of multiple hunted species. We outline the conservation and management implications of our results and consider the potential of this method for monitoring the sustainability of hunting in tropical forests.
Our results represent progress in developing monitoring approaches that can be widely replicated to separate the effects of multiple pressures on threatened species (Meijaard et al. 2011) . By conducting interviews at 161 settlements across 7 major Amazonian watersheds, we could separate species-specific drivers of depletion and identify which species were most sensitive to human disturbance. Four species (woolly monkeys, tapir, and both species of peccary) were heavily depleted and had highly predictable responses to both settlement and landscape drivers. Large-bodied species are prone to overexploitation Palacios 2007, Levi et al. 2011 ) because of hunter preference and low intrinsic rates of increase (Bodmer 1995) . Worryingly, we estimate this quartet of game species to be absent from 11-17% of their putative ranges within Amazonas, even though this state retains 98% of its original forest intact (Instituto Nacional de Pesquisas Espaciais 2013). Heavy depletion along the main navigable rivers is contrasted against low levels of disturbance in the vast interfluvial areas, which are sparsely inhabited and far from urban centers (Fig. 6 ). This heterogeneity undermines the utility of coarse-scale global analyses (e.g., Grenyer et al. 2006) , which assume uniform distribution within species ranges (Hurlbert and Jetz 2007) . In fact, broad assumptions of ubiquitous depletion of forest wildlife outside of protected areas (Redford and Sanderson 2000, Terborgh 2000) are rarely tested, and data on depletion is generally lacking (Schwartzman et al. 2000 , Jones 2011 ). Although interviews revealed considerable depletion of curassow and spider monkeys, predictive models of these species (particularly spider monkeys) were less robust, reducing confidence in the likely accuracy of large-scale estimates.
Nine species were less depleted in remote or sparsely populated areas. The effect of city distance, including severe depletion of tapir and white-lipped peccary well over 100 km from urban centers, suggests that bushmeat consumption in small Amazonian cities has far-reaching impacts on forest wildlife. Parry et al. (2014) found that 79% of urban households in Amazonian towns consume bushmeat, including both peccaries (each consumed by 19% of households within the previous 12 months), tapir (15%), and woolly monkeys (3%). Faunal depletion near cities, combined with evidence of urban bushmeat consumption (Parry et al. 2014 , van Vliet et al. 2014 , implies that continued urbanization in forested regions will not necessarily alleviate pressure on threatened species (Wilkie et al. 2011) . Moreover, the greater depletion we observed in more densely settled rural areas is consistent with the known impacts of rural subsistence hunting on Amazonian wildlife (Peres 2000, Peres and Palacios 2007) . This is also congruent with the much greater reliance, in terms of overall biomass of game meat consumed, on harvest-tolerant species with fast life histories in densely settled areas (Peres 2011) . The region's river dwellers now live close to urban centers (Parry et al. 2010) , so most rural Amazonians probably live within (and depend upon) relatively empty forests (Redford 1992) . In addition to food security concerns, the loss or decline of ecologically important species could lead to altered ecosystem functioning (Stoner et al. 2007 , Wright et al. 2007 ). Finally, we show that in addition to human pressures, landscape features influence the local occupancy of wildlife species. Specifically, hunters generally had to go farther to encounter wildlife in areas dominated by seasonally flooded forest (várzea), which is unsuitable for most large terrestrial vertebrates for half of the year .
Limitations
Further field research is required to validate and refine our depletion predictions (Keane 2013) . For instance, the accuracy and precision of estimates could be validated by asking hunters to show researchers the nearest location at which a given species was detected (Flesher and Ley 1996) , allowing for georeferencing. Although distance to primary forest only explained the local-scale depletion of two species, the accuracy of large-scale predictions might be improved by including measures of forest cover or land use. However, forest cover is difficult to estimate in floodplain forests and distinguishing older secondary and primary forest requires extensive ground truthing (Grainger 2008) . The latter would be problematic because large vertebrates vary in their tolerance of secondary forest (Parry et al. 2007 ). We may underestimate hunting impacts because we measured only presence-absence, not relative abundance, which can be calibrated with absolute abundance (Moller et al. 2004 , Anadón et al. 2009 ). Nonetheless, obtaining reliable measures of relative abundance requires intensive data collection in a given site (Rist et al. 2008 ), contrary to the efficiency of the rapidassessment interviews presented. Finally, direct comparisons between species may be biased by potential differences in their detectability (Yoccoz et al. 2001) .
Management implications and future research
Our methodological approach could provide a cost-effective way to monitor the sustainability of hunting at large spatial scales. For example, policy makers could use human census data, or demographic modelling, to explore the effects of human-fertility transitions or rural-urban migration on hunted wildlife in sustainable-use reserves or indigenous territories. Institutions might choose to invest in field-based interviews either by addressing specific management questions using targeted monitoring of wildlife or by detecting the unknown unknowns using surveillance monitoring (Wintle et al. 2010) . Interviews could be adapted to include additional questions for detecting temporal changes in the relative abundance of hunted species (Ziembicki et al. 2013) as well as to map conflicts and threats (Abram et al. 2015) . Could measuring detection distances also underpin community-based monitoring by elucidating temporal trends in faunal abundance? A community using this method over several years would be alerted to overhunting and be able to develop and audit management interventions (Jones et al. 2013 ), Ecology and Society 20(3): 15 http://www.ecologyandsociety.org/vol20/iss3/art15/ such as no-take areas or species-specific restrictions (Puertas and Bodmer 2004) . Sustainable hunting is an important issue for rural livelihoods and food security so perhaps local motivation for this kind of monitoring would be significant (Singh et al. 2014) . However, monitoring is only genuinely participatory if local stakeholders are active and equal participants in decision-making processes, rather than just agents of data collection (Brook and McLachlan 2008, Jones et al. 2013) . Greater local involvement also leads to more rapid translation of monitoring results into management action (Danielsen et al. 2010) .
CONCLUSION
Using rapid interviews to assess depletion is an important advance for monitoring the sustainability of hunting in tropical forests. We have developed a cost-effective monitoring technique that uses local ecological knowledge and can be widely replicated, ideal for resource-limited and spatially extensive tropical contexts (Danielsen et al. 2010 , Waldron et al. 2013 . This is encouraging because the information provided by local resource users on species-specific depletion can be consistent with current scientific knowledge (Gagnon and Berteaux 2009 , Turvey et al. 2013 , Ziembicki et al. 2013 , Beaudreau and Levin 2014 . Scaling up our predictions of faunal depletion using census data and geographic variables could provide policy makers with a rare opportunity to audit progress against national conservation targets (Jones 2011). We show that hunting has led to the depletion of threatened species from large areas of their putative ranges, even in the 1.6 million km² Brazilian State of Amazonas, in which primary forests are still intact. This depletion is caused by bushmeat consumption in rural and urban areas, evidence that the impacts of urban demand (Fa et al. 2015) extend to Amazonia. Worryingly, overhunting poses threats to ecosystem functioning (Stoner et al. 2007 ) as well as human food security (Golden et al. 2011 ). However, improved management is more likely when local stakeholders are empowered to monitor and comanage their own resources (Brook and McLachlan 2008, Danielsen et al. 2010) , highlighting a weakness of rapid surveys. Nevertheless, our findings confirm that local ecological knowledge is an invaluable source of information for monitoring hunted species in data-poor environments.
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Evaluating the use of local ecological knowledge to monitor hunted tropical-forest wildlife over large spatial scales
Luke Parry and Carlos A. Peres
METHODS
Assessing depletion
On arriving in settlements we first sought out the elected community leader or, when not available, other informal leaders such as life-long residents, locally-born school teacher, etc. We conducted separate interviews at the level of settlement and household concerning hunting as well as the drivers of settlement growth and rural-to-urban migration (see Parry et al. 2010a,b) . We only conducted interviews after we had explained the objectives of our research, giving full assurance of confidentiality, and then obtaining verbal consent to participate. The vast majority of interviewees were caboclos, the mixed descendants of Amerindians, European colonists and African slaves. Amazonas State's rural population of 735,000 people (IBGE 2007) includes indigenous peoples, caboclos and more recent colonists from other regions of the country. Interviews lasted around 1 hour, in total. When estimating depletion distances based on travel time, we discounted rest time if the location mentioned by hunters was distant. When an animal was detected close to a settlement, hunters pointed to a landmark (such as a tree) and we visually estimated a distance. Using this method we identified areas wholly depleted of a given species, which can be distinguished from the use of relative depletion when a species may be at reduced abundance, though still present.
Explanatory variables
Human population density was derived from the estimated number of people living within a 5 km radius of settlements. This population data was calculated from our own field surveys of settlement size and location with additional settlement data (on size and location) from the Brazilian Federal Epidemiological Vigilance database for malaria (SIVEP-MALÁRIA), high resolution images (IKONOS imagery) from Google Earth (where available), and municipal health secretariat databases. When additional settlement data only provided households, we assumed a mean of 5 persons per household (SIVEP MALARIA 2007). Settlement growth was the change in number of households between 1991 and 2007 and was established during interviews. Interviewees informed us of the approximate age of their settlement. We calculated the travel distance from each riverine settlement to its local urban center using the Network Analysis extension in ArcGIS 10.1 (ESRI, Redlands, California; see Parry et al. 2010a ). Distance to primary forest was estimated based on the reported walking time from the center of the settlement, assuming a mean travel velocity on foot of 4 km/hr. We calculated the percentage of unflooded upland terra firme (as opposed to floodplain várzea) around each settlement (within a 5 km radial buffer) using a basin-wide raster image reflecting inundation at high water levels . We did this due to the known differences in abundance of some game species between these forest habitat types .
Accuracy of census sector population data
There was a highly significant relationship between the 2007 census data collected by IBGE and our own 2007 field data obtained along the surveyed rivers for those census sectors that were entirely surveyed (Fig. A2) . Accuracy appeared to be maintained even in remote areas as there was no significant correlation between fluvial distance from the town within a given sector and the percentage difference between the two population density estimates (Pearson correlation: R 2 = 0.207, n = 52, p = 0.141).
Hierarchical portioning
To minimize the constraints of multicollinearity amongst predictors (Table A2) , we used hierarchical partitioning (Chevan & Sutherland 1991) to examine the independent effects of the settlement and landscape variables on depletion distances. Hierarchical partitioning is useful for exploratory analysis and identifying variables likely to be important in regression (e.g. Radford & Bennett 2007 ). All possible model combinations are considered in order to partition a measure of association into a variable-specific (independent) component and a joint component that is due to the co-action of two or more variables (MacNally 2000) . Patterns of depletion were modelled using quasi-poisson errors and a goodness of fit based on r-square. The significance of independent effects was calculated using a randomization test with 100 iterations (MacNally 2002). These tests were implemented using the hier.part package in R (Walsh & MacNally 2003) . Hierarchical partitioning only partitions the variance explained by selected predictor variables, so we also calculated a measure of overall model fit for the depletion of each species, based on the R 2 -values of a Generalized Additive Model (GAM). We fitted GAMs using the mgcv package (Wood 2006) , as they allow for non-linear trends in responses. We specified a quasi-poisson error and a log link function.
Predicting depletion at settlement and census sector-scales
During model fitting we used manual stepwise removal of the least significant interaction or variable one at a time, until only significant predictors remained. Quasi-poisson error distributions were specified. Where a given species was never observed around a visited settlement, we estimated a minimum depletion of 12.5 km, the maximum inland distance from a settlement that we estimate hunters to travel. On this basis we also capped very large depletion estimates at 12.5 km as larger buffers overlapped proximate locations around which the presence of a species had been reported during interviews. We then combined the revised buffers of reported depletion and predicted depletion (visited and unvisited settlements) to calculate the total proportional depletion zones for all species within visited census sectors. For census sector depletion models, we specified a quasi-binomial error distribution because values of the dependent variable were bound between 0 and 1. Table A1 . Large vertebrate species for which the depletion zone (distance to nearest direct or indirect encounter within 12 months) was assessed using interviews with rural hunters in Amazonas State, Brazil. The known geographic range of the study species is indicated in relation to the rivers surveyed (taken from natureserve.org and iucnredlist.org). River numbers refer to those shown in a map of the study region (Fig. 1A) . Least concern 2-3,5-8 P. albicans (Gray, 1860) Vulnerable 3-4
Capuchin Cebus apella (L., 1758) Least concern 1-7
Ungulates South American tapir Tapirus terrestris (L., 1758) Vulnerable 1-7
White-lipped peccary Tayassu pecari (Link, 1795) Vulnerable 1-7
Collared peccary
Pecari tajacu (L., 1758) Least concern 1-7
Red brocket deer Mazama americana Data deficient 1-7 (Erxleben, 1777)
Birds Curassow
Mitu tuberosum (Spix, 1825) Least concern 2-7 Table A4 . Results of minimal Generalized Linear Models of proportional faunal depletion of census sectors, for those sectors for which field surveys allowed a full census of the human population (n=41). A quasi-binomial error structure was specified. Significance levels refer to: p < 0.1 (.); p < 0.05 (*); p < 0.01 (**); p < 0.001 (***). 
Figure A4
. Predicted depletion levels of large vertebrates within census sectors in Amazonas State, Brazil, based on species-specific predictive models that used human population density, coverage of terra firme upland, and travel distance to the nearest urban center.
